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We demonstrate that dynamics of the ab-spiral-spin order in a magnetoelectric multiferroic
Eu0.55Y0.45MnO3 can be unambiguously probed through optical second harmonic signals, gener-
ated via the spin-induced ferroelectric polarization. In the case of relatively weak photoexcitation,
the ferroelectric and the spiral-spin order remains interlocked, both relaxing through spin-lattice
relaxation in the non-equilibrium state. When the additional optical pulse illuminating sample is
intense enough to induced a local phase transition thermally, the system creates a metastable state
of the bc-spiral-spin order (with the electric polarization P//c) via supercooling across the first-order
phase transition between ab- and bc-spiral. The supercooled state of bc-spiral spin is formed in the
thermodynamical ground state of ab-spiral (P//a), displaying a prolonged lifetime with strong de-
pendence on the magnetic field along the a-axis. The observed photo-switching between the two
distinct multiferroic states sheds light on novel photoinduced phenomena in spiral-spin multiferroics.
Spin kinetics via light-matter interaction has been of
great interest ever since the discovery of ultrafast demag-
netization in a ferromagnetic metal [1]. The exchange in-
teraction, spin-orbit interaction, and spin precession are
now believed to dominate spin relaxation after photo-
excitation in various systems [2]. The recent develop-
ment of spin-induced magnetoelectric (ME) multifferoics
[3–7] brings up substantial questions of photo-induced
dynamics due to more delicate interactions. ME multi-
ferroics of spiral-spin origin can lead to cross correlations
between ferroelectric (FE) and spiral-spin orders, since
the ionic displacement is a direct consequence of the in-
verse Dzyaloshinski-Moriya (DM) interaction [8, 9]. Spin
dynamics of ME multiferroics has been subject to focus
[5, 10–13] as it may become the platform for magneto-
electic memory [14]. Although insight into dynamical
spiral-spin response has been given by using resonance
THz or AC electric fields [10–13, 15, 16], a comprehensive
understanding of ME dynamics is still lacking, primarily
due to the lack of direct access to the FE order on var-
ious timescales [17, 18]. However, their influence could
be significant and unexpected states might be accessible
from couplings between different degrees of freedom in
non-equilibrium cases. Therefore, we aim to unveil the
photo-excited dynamics of spiral-spin induced ME cou-
pling, spanning a wide range of timescale.
Multiferroic perovskite manganites, RMnO3 (R being
Tb, Dy, (Eu,Y), etc.), possess either of the ab- or bc-plane
spin spiral states (abbreviated as ab-spiral and bc-spiral
hereafter) with the propagation wavevector k along the
b-axis, (Fig. 1(a)). The two spiral states give rise to the
FE polarization, P//a or P//c respectively, through the
inverse DM interaction [8, 9, 19]. External magnetic field
(B) can change the axis of spin cone and thus flip between
the ab-spiral (underB//c) and the bc-spiral (underB//a)
through a first-order phase transition [20], as shown in
Fig. 1(b).
To explore photoinduced phenomena of the two dis-
tinct ME states in perovskite manganites, we utilize
the spin-induced FE polarization of Eu0.55Y0.45MnO3
(EYMO) to generate second harmonic signal. Second
harmonic generation (SHG) has been frequently applied
to multiferroics of spiral-spin origin, such as MnWO4
[15, 21–23], TbMnO3 [24], TbMn2O5 [16], and CuO [25].
Ref. [26] and Ref. [27] have reviewed the techniques in
depth. The time-resolved SHG (TR-SHG) can directly
access the FE polarization (or equivalently the spiral-spin
order here), spanning a wide range of timescale [15, 28–
30]. Time-resolved research is practical for tracing dy-
namics of various order parameters [6, 30–36]. In addi-
tion, the capability of generating highly non-equilibrated
states with ultrashort pulses may lead to discovery of hid-
den states [37–39], which would not be realized through
conventional thermodynamic processes.
Single crystals EYMO of orthorhombic perovskite were
grown by the floating zone method. The crystal of ac-
surface was mechanically polished to ∼1 mm-thickness,
and annealed at 750◦C in air for 12 hours to reduce the
residual strain. It was mounted in a cryostat with a su-
perconducting magnet and in contact with exchange He
gas.
Our TR-SHG experiments are based on an amplified
Ti:sapphire laser system (1 kHz and ∼120 fs centered
at 800 nm (1.55 eV)). Photon energies of 0.48-1.12 eV
are generated by optical parametric amplifiers. SHG sig-
nal is detected by a photomultiplier tube using lock-in
techniques after filtering out the fundamental photon.
Combination of optical chopper and mechanical shutter
is employed for the long-time-delay measurements. All
measurements are performed under zero field cooling.
At low temperature, EYMO has a ground state of the
ab-spiral and P//a, of which the free-energy landscape
is illustrated by the left inset of Fig. 1(b). As tem-
perature rises, the bc-spiral becomes thermodynamically
more stable. The first-order phase transition between the
two spin-spiral states occurs around 21 K, above which
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FIG. 1. (color online) (a) Schematic illustration for the time-
resolved SHG (TR-SHG) in reflection configuration. Inci-
dent p (p-in) and s (s-in) photon polarizations correspond
to Eω//a and Eω//c. The wavevector k of the ab- and bc-
spiral is along the b-axis. (b)Schematic phase diagram (B//a)
of EYMO reproduced from Refs. [20, 40]. The inset two free-
energy landscapes illustrate the ground state of ab-(left) and
bc-spiral (right). (c) Polar plot of the SHG (3.1 eV) intensity
measured at 6 K, which detects the ab-spiral with P//a. IpSHG
and IsSHG represent the p (p-out) and s (s-out) polarized SHG
signal, respectively. (d) Temperature (T ) and magnetic-field
(B//a-axis) dependence of the static SHG for the p-in and p-
out configuration. The phase transitions from the ab- to the
bc-spiral, observed in (d), are indicated as vertical (through
temperature) and horizontal (through B) red arrows in the
phase diagram of (b).
the FE polarization rotates to along the c-axis [20, 41].
Figure 1(a) shows a schematic diagram of laser beam
propagation with respect to the sample crystallographic
axes. At 6 K without B, the polar plot of p- (//a) and
s- (//c) polarized SHG is displayed in Fig. 1(c). The
polar patterns are consistent with the emergence of FE
polarization along the a-axis. More details of SHG ten-
sor analysis are given in the supplemental material [42].
Figure 1(d) shows p-polarized SHG intensity, ISHG, as a
function of temperature (left panel) and B applied along
the a-axis (right panel), being consistent with occurrence
of the ab-spiral in the phase diagram of Fig. 1(b). It is
worthy noting that the applied B//a rotates axis of spin
cone and alters the polarization axis from P//a to P//c,
decreasing ISHG and changing the free-energy landscape
toward the right inset of Fig. 1(b). The B-dependent
SHG clearly identifies the ab-spiral through the induced
FE polarization, and the associated SHG reduction un-
der B//a is a consequence of the bc-spiral formation due
to the first-order phase transition. We note that the bc-
spiral is not directly detectable by the SHG, likely due to
the considerably small polarization. Discussion of miss-
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FIG. 2. (color online) Spin-lattice relaxation as the origin of
TR-SHG response under low excitation (<1 µJ). TR-SHG sig-
nal of the p-in (1.0 eV) and p-out (2.0 eV) setup (Fig. 1(a)),
measured (a) at various temperatures in zero field, (b) in var-
ious B at 3 K, and (c) under different excitation intensity at
3 K in zero field. Photon energy of the pump is 0.77 eV. Here
the 1-µJ excitation corresponds to energy density 4.24 J/cm3.
(d) Traces of TR-SHG measured under different energies of
pump photon. The excitation intensity was chosen so as to
induce similar amount of reduction in ISHG to compare the
dynamics.
ing SHG from P//c is provided in the supplemental ma-
terial [42].
Upon relatively weak photoexcitation (<1 µJ; the 1 µJ
excitation at 0.77 eV corresponds to energy density 4.24
J/cm3), we observe a gradual reduction in ISHG as a func-
tion of delay time (Fig. 2(a)). The photoinduced depolar-
ization completes in a time range of ∼50-100 ps, and the
time constant is independent of temperature, magnetic
field, excitation fluence, photon energy (Figs. 2(a)-2(d))
or light polarization (circular and linear; only circular is
shown). The time constant for ISHG reduction is within
the typical range of spin-lattice (S-L) relaxation in man-
ganites [43–45], in accord with the recent report [17] as
well as our transient reflectivity (∆R/R ) data [42]. It is
noted that the ISHG at negative delay time corresponds
to the steady-state SHG at 1 ms after an 120-fs-pulse ex-
citation and depends on temperature and magnetic field,
just as in Fig. 1(d).
Comparing our ∆R/R with TR-SHG [42], we can con-
clude that TR-SHG unambiguously probe spiral-spin dy-
namics without electronic contribution to the FE depo-
larization, due to the lack of fast electronic response <1
ps in TR-SHG while it is discerned in ∆R/R. In addi-
tion, the insensitivity of TR-SHG to pump photon ener-
gies again implies that the relaxation of spiral spin is not
triggered by electronic contribution from specific optical
transitions (including the d-d transition here and the p-
3d charge transfer in Ref. [17]). We can infer that the
local spins (of t2g electrons) are still responsible for the
FE polarization after electronic transition and/or trans-
fer of excited eg electrons. Thus the ferroelectric and
spiral-spin order stay interlocked even in non-equilibrium
case. Further insight into this is beyond the scope of
the manuscript, and we provide the detail discussion and
comparison in the supplemental material [42].
The lack of electronic response and the character-
istic timescale of S-L relaxation observed in TR-SHG
imply that the depolarization is induced solely by the
spin thermalization upon photoexcitation. The tran-
sient and quasi-equilibrium lattice temperature can be
deduced from the TR-SHG traces at various tempera-
tures (Fig. 2(a)). At 3 K using 0.3 µJ pulses with pho-
ton energy of 0.77 eV, the average change in temperature
(∆T ) is estimated to be 9 K from the reduced magni-
tude of ISHG. At a fixed excitation fluence, ∆T reduces
with increasing the sample base temperature (Fig. 2(a)),
whereas it stays almost constant while changing magni-
tude of B//a (Fig. 2(b)). This is reasonably anticipated
from the increase of heat capacity at higher tempera-
ture. The time constant for the laser-induced heating
process does not depend on the photon energy ranging
from 0.55-1.55 eV (Fig. 2(d)). Furthermore, the insignif-
icant change in relaxation time near the transition, ob-
served in both ∆R/R and TR-SHG, indicates the first-
order nature of phase transition, unlike the critical be-
havior of spin kinetics in manganites that possess second-
order phase transitions [44–46].
Intriguing phenomena are uncovered as the excitation
density increases further: photo-depolarization of the
spin-induced FE becomes faster and finally the ISHG dis-
appears completely, as seen in Fig. 3(a). To discern the
origin of this feature, we plot the decay time constant
as a function of excitation energy density in Fig. 3(b),
which reveals a threshold behavior irrespective of pump
photon energies. Above the threshold the TR-SHG goes
to zero during a short time (<20 ps) and remains at zero
for long time (>50 ps), whereas below the threshold TR-
SHG never reduces to zero completely, and slow S-L re-
laxation dominates the FE depolarization, irrespective
of sample temperature and magnetic field. Thus such
a threshold energy-density differentiates the ”low” and
”high” excitation regime, as illustrated in the white and
grey area of Fig. 3(b). The correlation with pump energy
density as well as the irrelevance of pump photon energy
makes the TR-SHG an ideal thermometer of nonequilib-
rium spin subsystem in low-excitation case, allowing us
to determine the transient spin temperature. In high-
excitation case, we can estimate lattice temperature (in-
set of Fig. 3(b)) by linear extrapolation since the ISHG(t)
disappears completely and no longer works as the spin
thermometer. We find that once the transient temper-
ature (T + ∆T ) is above Tc of the ab-spiral, the ISHG
decreases faster and then disappears completely for a pro-
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FIG. 3. (color online) Formation of a metastable state un-
der high excitation. (a) TR-SHG of p-in (1.0 eV) and p-out
(2.0 eV) setup measured at 1.6 K under various pump in-
tensities (above 1 µJ). The vertical arrows indicate the esti-
mated change in lattice temperature. (b) Time constant of
FE depolarization versus excitation energy density at three
photon energies. The time constant is extracted from the fit
of single exponential decay. The shaded grey area covers the
excitation density leading to the complete reduction of the
SHG (i.e. phase transition to the bc-spiral and/or higher-
temperature phases). The inset color blocks represent the
corresponding lattice temperatures and the respective multif-
ferroic/magnetic phases therein.
longed time (>50 ps).
As the pump intensity approaches the threshold, a sub-
tle behavior occurs before the zero delay time (Fig. 2(c));
we notice a small reduction of ISHG, which becomes sig-
nificant in the high excitation region (Fig. 3(a)), e.g.
I1µJSHG(t < 0) < I
0.3µJ
SHG (t < 0). This indicates that the ab-
spiral does not recover within 1 ms (at 1 KHz laser repe-
tition), which signals the situation generally not explored
in the time-resolved optical experiments. The observed
reduction is not simply attributable to accumulated lat-
tice thermalization, rather pointing to the emergence of
metastable spin orders, as discussed below.
To investigate the subtle SHG reduction before the
zero time delay (i.e. existing at 1 ms after photo-
excitation), we reduced the pump repetition rate to al-
low the system to recover the thermodynamical ground
state (ab-spiral) at the base temperature. We also adjust
the pump intensity around 24-28 µJ to unveil dynam-
ics of the metastable state. The resultant SHG traces
at various temperatures (Fig. 4(a)) and under different
B//a (Fig. 4(b)) reveal dramatic change in the recovery
time, spanning from a few seconds up to several minutes.
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FIG. 4. (color online) Photo-creating the metastable bc-spiral
from the ground state of ab-spiral. The high excitation in the
grey area of Fig. 3(b) creates a metastable spin state, which
is probed by the long-lived reduction in spin-induced SHG:
(a) TR-SHG measured at various temperatures and (b) the
corresponding lifetimes of metastable states. (c) The recovery
of photo-created metastable states under application of var-
ious B//a at 5 K, and (d) the corresponding lifetimes. The
inset illustrates a schematic free-energy landscape against the
canting angle of the spin-spiral plane around the b-axis and a
formation of the metastable bc-spiral.
As the base temperature approaches the phase transi-
tion, the recovery time becomes longer, as shown in Fig.
4(a). Similarly, the application of B//a lengthens the
recovery time (Fig. 4(b)). We thus exclude the lattice
residual heating as the origin of SHG reduction, since it
would not result in long recovery time with such strong
dependence on base temperature of crystal nor on applied
magnetic field. Since the external B//a energetically fa-
vors the bc-spiral and the (thermal) recovery dynamics
inevitably goes through the phase of bc-spiral, the pro-
longed response after an intense pump excitation likely
involves the transition of the photo-generated bc-spiral to
the original ab-spiral.
The remarkably long timescale observed here indicates
formation of a metastable state, reachable by supercool-
ing the system through a first-order phase transition,
from which a system cannot escape at low enough tem-
peratures due to the high free-energy potential barrier
[47, 48]. In other words, the supercooled state preserves
partially or dominantly the order of the high-temperature
state, because the timescale to form the critical size of the
thermodynamical ground state becomes long enough. We
can estimate the cooling rate from the trace of 1-µJ exci-
tation shown in Fig. 2(c). The residual heating of ∼4 K
is estimated by the SHG signal just before the time zero,
while the transiently elevated temperature ∆T (t >100
ps) is ∼14 K; this implies that the cooling rate is as
high as 104 K/s at 1 kHz pump repetition. The super-
cooling effect is often observed in temperature- and/or
magnetic-field-hysteresis features of other multifferoics of
RMnO3 [49] and charge-ordered manganites with first-
order phase transitions [50].
We can use this estimate to differentiate the two pro-
cesses of SHG reduction; i.e. lattice heating versus a
formation of the metastable state. Using linear extrapo-
lation of the relation between light absorption and heat
for the present experimental condition in Fig. 4, we es-
timate the lattice heating up to ∼ 300 K which cools
to the base temperature in ∼ 30 ms after photoexcita-
tion. The recovery time, shown in Figs. 4(b) and 4(d),
is near four orders of magnitude longer than this lattice
cooling time; thus the magnetically ordered phase (e.g.
spin-spiral) should be restored. We do not expect that
a change in the recovery time occurs in heat dissipation
owing to variation in diffusion. If it were the case, we
would observe a gigantic critical-slowing-down during S-
L relaxation in low-excitation case, Figs. 2(a) and 2(c).
Instead, the prolonged SHG recovery can be explained
in terms of the trap of bc-spiral in free-energy poten-
tial well (see the schematic inset of Fig. 4(d)), frozen by
supercooling. Compared with typical timescale of tens
milliseconds for nucleation and domain growth upon fast
electrical poling to induce spiral-spin flip [15, 51], cool-
ing from the upper temperature of bc-spiral to the tem-
perature possessing the thermodynamical ground state
of ab-spiral takes less than 1 ms, which is too short to
form large size of ab-spiral domain. As for the origin
of this minima of free-energy potential well, it could be
the high temperature collinear spin state or some other
states. However, during supercooling across the Tc of
bc-spiral, the application of B//a can energetically favor
the bc-spiral to be trapped momentarily as the transient
state. Further cooling at high speed can hardly overcome
the potential barrier between ab- and bc-spiral, and then
the field activated stable phase of the bc-spiral cools down
and is fixed by the barrier, forming a metastable state
at the base temperature (inset of Fig. 4(d)). Therefore,
when the temperature is near Tc or B//a, the bc-spiral is
dominant more than other collinear sinusoidal or disorder
states during supercooling.
In conclusion, by probing the temporal variation of
second harmonic generation (SHG) from the spiral-
spin-induced electric polarization, we have investi-
gated dynamics of photoexcited multiferroic state in
Eu0.55Y0.45MnO3 for a wide range of timescale from
10−12 to 103 seconds. We confirm that there is no specific
electronic contribution to FE depolarization apart from
the thermalization due to spin-lattice (S-L) relaxation
on all timescales. We find that a metastable bc-spiral
(P//c) can be photo-created from the ab-spiral (P//a)
5through supercooling from the photo-thermalized state.
We observe the two distinct dynamics differentiated by a
threshold energy density of photo-excitation: Below the
threshold the spiral spin relaxes through S-L coupling
and the whole system then cools back to the original
temperature while preserving P//a. Above the thresh-
old, by contrast, we observe a remarkable slow SHG re-
covery with strong dependence on temperature and mag-
netic field applied along the a-axis. This feature together
with the estimate of cooling rate allows us to conclude
that supercooling a multiferroic manganite using fem-
tosecond pulses creates a metastable bc-spiral state with
P//c. Our study thus provides an insight into the switch
of multiferroics of spiral-spin origin and will pave a new
avenue toward nonvolatile memory-storage functionality
[39].
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